Abstract: In this paper, we investigate the performance improvement in analog photonics link incorporating digital signal processing technique and low-noise electrical amplifiers. The proposed linearization does not require to know the precise transfer function of the whole nonlinear system, which is achieved by directly acquiring the output third-order intercept point from the system hardware. Through using a high-performance pre-and post-amplifier, improved link noise figure and gain are obtained while the nonlinearity of the electrical amplifiers can be also compensated by the proposed algorithm. Experimentally, spurious-free dynamic range of 128.3 dB in 1-Hz bandwidth is achieved for a digitizer noise limited analog photonics link. The measured noise figure and gain of the photonics link are 8.9 and 27.5 dB, respectively.
Introduction
Due to its inherent broad bandwidth and large capacity, analog photonics link is considered as a promising technique in recent years for transmitting and routing analog radio frequency (RF) over long distance [1] . It has provided effective solutions for numerous applications including antenna remoting, beam forming for phased array antennas, and radio astronomy [2] . One of the key challenges of designing analog photonics link is to linearly modulate and demodulate the electrical signals without introducing distortions. Spurious free dynamic range (SFDR) is an important figure of merit that is usually used to evaluate the degree of linearity in analog photonics link [3] . In general, external intensity modulation and direct detection (IMDD) has received the majority of attention due to its simple structure, capacity for high speed, stability, and commercial availability. But it should be noted that all analog systems are subjected to some degree of nonlinear behavior. The inherent nonlinear characteristics of Mach-Zehnder modulator (MZM) introduces both harmonic product and inter-modulation distortions of the analog RF signal, of which the third-order intermodulation distortions (IMD3) are most pronounced and limit the SFDR of the system [4] .
There has been a concentrated effort on achieving linearized analog photonics link over the past few years. Various approaches based on intensity modulation, phase modulation and polarization modulation have been widely investigated [5] - [12] . The nonlinear transfer function of the intensity modulators has been corrected by the pre-distortion [5] , dual-parallel modulation approaches [6] , [7] . The linearization is achieved with the cost of either limited operational bandwidth or complex modulation, unfortunately. Digital linearization of phase and polarization modulations has been widely discussed, for the linear modulation and demodulation at both ends [8] - [10] , while the complexity at the terminal end is the tradeoff. A brilliant digital algorithm is proposed in [11] , [12] for intensity-modulated analog photonics link, while precise acquisition of multiple parameters related to the equalizer and emulator is required. Note that the transfer function of the system should be known for the nonlinear compensation in most of the aforementioned approaches. Multiple link parameters related to the laser, the modulator, and the photodiode should be precisely known, which may otherwise result in significant imperfections. Furthermore, the SFDR capability does not tell the complete story for an analog photonics link, the gain and noise figure (NF) are also very important metrics that generally used to quantify the performance. The design of the analog photonics systems requires careful consideration of all the performance parameters in terms of SFDR, gain and NF [13] , [14] . Despite of the significant advantages brought by the analog photonics link, the large conversion loss induced by the modulation and demodulation is a most limiting factor. Some electrical devices such as electrical amplifiers may be indispensable to maintain the performance in certain circumstance. It is a simple and effective means to improve the gain and NF by using a low noise pre-amplifier, while its nonlinear character may put an upper limit to the SFDR of the system, unfortunately. Systems with such favoritism brought by the assist devices while can manage the presented nonlinearity is especially attractive.
An enhanced SFDR of 123.3 dB has been demonstrated by using digital linearization approach in [15] , which is based on the bias point acquisition. In this letter, we propose and demonstrate a novel digital post-compensation based approach that is suitable for MZM-based IMDD analog photonics link with electronic amplifiers at both ends. The nonlinear compensation information can be obtained by acquiring the third-order output intercept point (OIP3) from the hardware output, without the need of knowing specific parameters of the system. It is worth noting that the proposed linearization algorithm is effective in compensating the nonlinear distortions induced by the electrical pre-and post-amplifier, and that of the MZM, simultaneously. The electrical output is amplified by a post-amplifier, which makes the output level comparable with that of the following analog to digital convertor (ADC). Since frequency down-conversion is performed in the optical domain and the output signal is a low frequency one, this approach eliminates the need for high-speed photodiode (PD) [16] . Using the post-compensation technique, we experimentally obtained an SFDR of 128.3 dB in 1 Hz bandwidth, which is 23 dB more than that without compensation. To the best of our knowledge, this is the first time to obtain a digital nonlinear compensation for a digitizer noise dominated system, which can deal with the nonlinear distortion attributing from the MZM as well as the electrical devices. It is also worthwhile to note that besides the improved SFDR performance, it is capable of simultaneously acquiring high link gain of 27.5 dB and low NF performance of 8.9 dB with this technique.
Operation Principle of the Scheme
The schematic architecture of the proposed digitally linearized IMDD link with cascaded MZMs and electrical amplifiers at both ends is shown in Fig. 1(a) , along with the proposed digital postcompensation algorithm shown in Fig. 1(b) . A sub-octave two-tone RF signal at frequencies ! RF AE Á with amplitude V ðtÞ works as the input signal
where ðt Þ ¼ 2V ðt ÞcosðÁt Þ is the equivalent amplitude of the input two-tone signal. The output of the laser is modulated by the amplified two-tone signal shown in (1) . As a result, the detected link voltage-to-voltage transfer function, which is amplified by a post-amplifier, can be expressed in terms of the input two-tone signal zðtÞ and given by the power series expansion
where a i ði ¼ 0; 1; 2; . . .Þ are the coefficients of the power series, which are determined by the specific parameters of the pre-amplifier, the modulator, the post-amplifier, and the PD, etc. Substitute (1) into (2) , and the output voltage around the fundamental signal can be given as
Due to the additional modulation by ðt Þ 2 , the IMD3 can be clearly observed inside the detected signal as shown in (3). Also we note that ðt Þ 2 can be approached by S 1 ðt Þ 2 for the first order approximation. We can easily get the compensation signal expressed as
where F ½Á means the narrow-band and low-pass filtering. Note that the digital filter is used to extract 2 out of S 2 1 . As a result, its bandwidth should be large enough so that there is no obvious distortion on 2 , which will be increased when the signal bandwidth is enlarged. However, the bandwidth should be less than ! RF =2, which also shows a limitation on the bandwidth of the input signal. Since the filter is a digital one, its phase response can be ideally linear by a finite impulse response (FIR) filter. According to (4), it is not difficult to get the nonlinear compensation constant
We also we note that the third-order output intercept point (OIP3) of the system can be expressed as where Z is the output impedance, generally 50 . Note that the negative sign results from the negative a 3 . Substitute (6) into (5), and we can get
This proposal is different from the previous ones where the whole link transfer function has to be precisely emulated in the digital domain. Actually, the key distortion information is extracted from the received signal directly, which simplifies the algorithm and release the demand of link parameter estimations: Only the OIP3 should be known by the algorithm, which can be easily and precisely acquired by using a dual-tone training signal in practice. The RF spectrum is captured and the corresponding powers of fundamental and IMD3 tones, P 1 and P 3 , can be calculated. Consequently we can figure out the OIP3 of the photonics link directly and it is given as
By using the compensation signal in (4), the distortion can be eliminated and the linearized output signal can be finally calculated as
A system containing a pair of external intensity modulators, cascaded in series, can be employed to down-convert the RF signals to intermediate frequency [15] . The second MZM is driven by a strong local oscillator (LO) and works under quadrature-biased condition for the advantageous link gain. Due to the nonlinearity introduced by the second MZM, both differencefrequency and sum-frequency of RF signal and LO are generated. The sum-frequency is beyond the operational bandwidth of the system. Consequently, it doesn't need to be taken into consideration. The presented difference-frequency component is the desired intermediate frequency (IF) signal. After the optical down-conversion, S 1 is shifted to the IF and additional insertion loss is imposed to it. The proposed digital algorithm is compatible to system with down-conversion. This is due to the face that although S 1 suffer additional insertion loss, the ratio of a 3 =a 1 is kept unchanged.
The proposed system can be considered as a cascaded structure of the pre-amplifier, the intrinsic photonics link, and the post-amplifier. The digital compensation is made possible by acquiring the OIP3 of the cascaded system. Consequently, the IMD3 induced by the nonlinear transfer function, the electrical pre-and post-amplifiers, can be eliminated through using this digital compensation technique, resulting in an improved upper limit for the SFDR. The simulated fundamental to IMD3 ratio for systems with different OIP3 (both the captured one in the horizontal axis and the estimated one deviate from the actual value in the vertical axis) is shown in Fig. 2 . One can clearly observe that the best fundamental to IMD3 ratio is achieved when the estimated OIP3 in the algorithm is in accordance with the actual one. The fundamental to IMD3 ratio is deteriorated once the estimated OIP3 in the digital algorithm deviates from the actual one. The OIP3 will change due to the laser output power fluctuation or link loss variation, which can be updated based on (8) .
It is well known that the pre-amplifier has the most significant effect on the total NF than the other parts. In order to achieve the best overall NF, a low noise and high gain RF amplifier is preferred and go first in this system. The detected IF output is amplified by a special post-amplifier following the photonics link, through which the output level is matched with that of the ADC. So the system is ADC noise dominated while the upper limit of the SFDR can be extended by the proposed digital algorithm.
Experiment Setup and Results
A proof-of-concept experiment is carried out and shown in Fig. 3 . The laser operates at a wavelength of 1550 nm and output power of 14 dBm. The principal axis of the output light beam is aligned with the following standard MZM1. Another polarization controller (PC), which is placed before MZM2, is used to adjust the principal axis of the modulated output of the first MZM with that of the following MZM. A pre-amplifier, of which the small signal gain and NF are 31 dB and 3.5 dB, is used to amplify the weak RF two-tone input at frequency of 6.040 and 6.041 GHz. The amplified two-tone input is then introduced to the quadrature biased MZM. Another MZM in series, which is driven by a 6 GHz LO, is employed to down-convert the RF frequency to IF. The modulated optical signal is received by a PD with responsivity of 0.92 A/W (EM4, EM169-03) and further amplified by a post-amplifier, which makes the output level comparable with that of the following digitizer. The gain and NF of the post-amplifier are 30 dB and 3.6 dB, respectively. The output voltage is then recorded by the ADC with 14-bit level and 200 MS/s, which shows the limitation of the operation bandwidth of the whole system. The digitized signal provided by the ADC then undergoes the offline DSP processing as shown in Fig. 1(b) for nonlinear correction. Firstly, the OIP3 is initialized by using Eq. (7) with a training dual-tone. Consequently, the down-converted signal is obtained and linearized according to Eq. (3) and (8) .
In order to evaluate the performance improvements of the proposed technique, the electrical spectra of the digital linearization technique is compared with that of a conventional link without the digital processing, which is demonstrated in Fig. 4 . The down-converted fundamental at 40 MHz and 41 MHz as well as the corresponding intermodulation distortions at 39 MHz and 42 MHz are presented for both cases. The two-tone RF power driving the modulator is À29 dBm. Considerable intermodulation components can be observed due to the intrinsic nonlinear characteristic in the IMDD link in Fig. 4(a) . By using the proposed digital post-compensation technique, the fundamental to intermodulation ratio is 65.6 dB, which is 22 dB better than the conventional link without compensation under the same conditions. The OIP3 used in the algorithm is 19.9 dBm, which is also the measured value as shown in Fig. 5(a) . Fig. 5 (a) and (b) illustrate the output IF power versus the input RF power at the fundamental frequencies of 6.040 and 6.041 GHz for systems with and without the linearization, respectively. The optical power at the PD is about 1.5 dBm. Note that since the proposed linearization approach is performed in digital domain, it is imperative to evaluate the quantization noise floor of the ADC that employed in the experiment. The measured ADC noise floor is about À137.6 dBm/Hz around 40 MHz. The IF output is amplified by a specially selected post-amplifier, through which the overall output noise floor (about À138 dBm/Hz) of the system is approximately matched with that of the ADC. So the measured overall noise floor is À137.6 dBm/Hz, which is dominated by ADC noise. The down-converted SFDR with nonlinear compensation is 128.3 dB in 1 Hz bandwidth, which is 23 dB more than that without compensation, as shown in Fig. 6(b) . Fig. 5 also shows the well suppression of IMD3. As can be seen in Fig. 5(a) , the slope for the measured fundamental component is 1, while it is 3 for the intermodulation component. As a result, the IMD3 dominates the inter-modulation nonlinearity before the digital linearization. In Fig. 5(b) , the intermodulation component has a slope of 7 instead, which indicates that the higher order intermodulation dominates and IMD3 is completely suppressed by the proposed algorithm.
As has been stated, the overall system can be considered as a cascading system of the preamplifier, the intrinsic photonics link, and the post-amplifier. The SFDR of the system, which should have been limited by the SFDR of the pre-and post-amplifier (115.1 dB in 1 Hz bandwidth) in conventional link, is significantly improved by using the proposed digital algorithm. The reduction in NF and the improvement in gain are also achieved by using the high quality pre-amplifier. The measured link gain and NF are 27.5 and 8.9 dB, respectively.
Conclusion
In conclusion, a nonlinearity compensation technique based on DSP is proposed and experimentally demonstrated. Experimental results show that the IMD3 can be well suppressed. The down-conversion SDFR over 6 GHz RF signal is increased from 105.4 to 128.3 dB in 1 Hz bandwidth, which means an improvement of 23 dB. Experiment results show that the proposed DSP compensation technique is effective in correcting the distortions attributing from both the non-ideal MZM and the electrical amplifiers. The gain and NF of the analog photonics link are 27.5 and 8.9 dB, respectively, benefiting from the adoption of the pre-amplifier. The proposed approach is especially attractive for distortion correction in analog photonics links incorporating assistive devices such as electrical amplifiers.
